Introduction
Cabbage, Brassica oleracea L., is one of the world's most commonly cultivated vegetables. The cabbage group (white, red and savoy cabbages, Chinese cabbages, Brussels sprouts, green kale and sprouting broccoli) is grown in no less than 131 countries in a total area of 2.8 million hectares, with a production of 59 million metric tons (FAO data 2001) . The wide adaptability and easy-to-grow character of cabbage are no doubt responsible for the worldwide popularity of cabbage cultivation. The appropriate variety of cabbage can be chosen for year-round supply in each region according to the genetic variability in time to maturity, disease tolerance, heat or cold hardiness, late bolting and storage ability. Especially, utilization of the early maturing varieties enables early harvesting in hot or cold areas as soon as the growing season has started. It is also possible to accelerate field rotation and save on pesticides. These advantages enable growers to extend the harvesting period and lower production costs. Thus, early maturity, attaining the marketable head weight earlier, is one of the most important characteristics in cabbage breeding.
These days, most of the world's cabbage varieties are F 1 hybrids. Their use improves not only uniformity, but also early maturity, because of the notably vigorous development that comes with heterosis. Comparison of the head weights of F 1 hybrids with these of parental lines from a single measurement clarified the importance of the heterosis in head weight (Swarup et al. 1963, Moore and Wallace 1987) . Characterization of a number of varietal groups indicated that the early maturing varietal groups generally belong to the so-called "leaf-weight" type, whose head weight is influenced mainly not by the number of leaves but by the weight of leaves (Iwama et al. 1953, Ninomiya and Sugeno 1958) . Early maturing varieties also started head formation without expending excess growth in wrapper leaves (Iwama et al. 1953) . However, the early maturity of parental lines does not always correspond to that of their F 1 hybrids. In addition, we do not know what characteristics are needed for selecting parental lines in early maturing F 1 hybrid breeding. Thus far, cabbage breeders have managed to select parental lines on the basis of experience and/or from the results of test crosses.
When a cabbage plant grows, it first increases the number of wrapper leaves and extends the area of each leaf ( Fig.  1-a) . Second, it starts to express head formation in the middle of the developmental stage ( Fig. 1-b ) and finally forms a mature head with adequate size and density by increasing the number and weight of the head leaves during continuous vegetative growth ( Fig. 1-c) . These developmental processes indicate that developmental characteristics in vegetative growth are more important as a continuous process for cabbage maturation, compared with those of rice, wheat and maize, in which the fruit body is harvested after reproductive growth.
For this study, first, we defined the maturity of the F 1 hybrids as the number of days it took for the head to attain the target weight from transplantation (head-maturing period, HMP). Second, we attempted dividing maturity of the F 1 hybrids into some developmental characteristics by correlation analysis between HMP and developmental characteristics. We then characterized the early maturity of F 1 hybrids. Finally, we classified the F 1 hybrids based on the developmental characteristics that were significantly correlated with HMP.
Materials and Methods

Plant materials
We made 42 F 1 hybrids derived from the possible diallel crosses of 7 inbred lines (Nos. 1 to 7) with different genetic backgrounds. The 8 F 1 hybrids, 1 × 7, 2 × 5, 2 × 6, 2 × 7, 5 × 1, 6 × 7, 7 × 3 and 7 × 5, were not used because of their delayed germination. The parents were maintained by sib crossing after selfing for 8 to 10 generations and segregated into several varietal groups (Table 1 ). Six commercial F 1 hybrids varying from early to medium-late maturity were also applied. They were, "YR-Seishun" (Watanabe Seed Co., Ltd., Miyagi, Japan), early maturity and mainly sown in spring, "YR-Aoba" (Masuda Seeds, Shizuoka, Japan), earlymedium maturity and mainly sown in spring, "YR-Kinshukyoryoku 152" (Masuda Seeds, Shizuoka, Japan), earlymedium maturity and mainly sown in summer, "Wakamine" (Takii & Co., Ltd., Kyoto, Japan), early-medium maturity and mainly sown in summer, "Uji No. 1" (Marutane Co., Ltd., Kyoto, Japan), medium maturity and sown in all year round, and "Asashio" (Takii & Co., Ltd., Kyoto, Japan), medium-late maturity and mainly sown in summer.
Investigation of developmental characteristics
All of the F 1 hybrids were sown on 19 July 1996 and raised in a greenhouse by the usual procedures. On 29 August they were transplanted to an andosoil field at Utsunomiya, in Tochigi Prefecture, Japan (36°31′N, 139°59′E), according to a randomized block design with 2 replications. During the growing season the maximum temperature dropped from about 30°C to about 15°C and the minimum temperature dropped from about 20°C to about 2°C.
We performed 9 assessments between the 4th day (2 September) and 83rd day (20 November) after transplanting. Four plants were sampled from each block during each assessment. The developmental characteristics measured were; leaf position at which head formation started (LPH) (the number of wrapper leaves + detached leaves), the number of wrapper leaves (NWL), the number of detached leaves, width, length, size (width × length) and leaf shape index (width/length) of wrapper leaves, total number of leaves (the number of head leaves + wrapper leaves + detached leaves), root strength, weight, breadth, length, shape (breadth/length) and density of head and breadth and length of core (see Fig. 1 ).
LPH, NWL and the number of detached leaves were measured on the 61st and 69th days after transplanting, when all F 1 hybrids had almost completed head formation, making it easy to distinguish wrapper leaves from head leaves. The first head leaf was defined as the leaf attached to the next head leaf within 1 cm. Width and length of wrapper leaves were measured for maximum size at the 5th, 10th and 15th leaf positions on the 14th, 32nd and 42nd days. The total number of leaves more than 5 mm long was counted 3 times; on the 32nd, 42nd and 50th days. To estimate root development, root strength was measured 4 times; on the 22nd, 32nd, 42nd and 61st days, by pulling out examples vertically by hand and applying a degree of strength of tension from 1 (weak) to 5 (strong). The head weight and the breadth and length of both the head and core were measured 4 times; on the 50th, 61st, 69th and 83rd days. We estimated the number of days it took for the head to attain the target weight from transplantation, HMP. The HMP to reach 1250 g (HMP1250), which is the most marketable weight in Japan, was calculated by interpolation or extrapolation using the head weight data obtained at harvesting. HMP to reach 1100 g (HMP1100) and 1400 g (HMP1400)-the lightest and heaviest marketable weights-were calculated in the same way. Breadth and length of the head and core at 1250 g head weight were calculated by using HMP1250. Shape and density of the head at 1250 g head weight were calculated by using the values of weight, breadth and length of the head at 1250 g head weight. Density was calculated as the ratio between head weight and volume, on the basis of the equation for the volume of an ellipsoid, i.e., [Weight/(π × breadth 2 × length/6)]. We observed no significant difference in head weight between the 2 replications on the 69th day (t = 1.07), when the average of all the F 1 hybrids attained 1187 g, the closest to 1250 g. There was also little significance in the maternal effect of diallel crosses among reciprocals. Thus, all of the data from the 2 replications and the reciprocals were mixed, except for the above-mentioned 8 F 1 hybrids in which only opposite combinations were applied. Analyses were performed using data from 27 F 1 hybrids; 21 F 1 hybrids of mixed reciprocal combinations of 42 diallel crosses and 6 commercial F 1 hybrids. The F 1 hybrids of the diallel crosses were designated as D + the number of parental lines. Accordingly, D12 includes the F 1 combinations of diallel crosses, 1 × 2 and 2 × 1. We performed the correlation analysis and principal component analysis with the computer software STATISTICA (StatSoft Inc, USA).
Results
Definition of maturity and classification of the developmental patterns of head weight
The developmental patterns of head weight for the 6 commercial F 1 hybrids are shown in Fig. 2 . There was some differentiation into types, e.g., "YR-Seishun" and "YRAoba" showed a rapid increase at around 1250 g, "YRKinshu-kyoryoku 152" and "Wakamine" showed a much slower increase after they attained 1250 g and "Uji No. 1" showed a moderate increase throughout development. F 1 hybrids derived from the diallel crosses also showed several types of developmental patterns (data not shown). Maturity of all the F 1 hybrids was evaluated by estimating HMP1100, HMP1250 and HMP1400 (Table 1 ). The HMP1250s of the 6 commercial F 1 hybrids were nearly identical with their estimates based on grower's experience. "YR-Seishun," recognized as an early maturing variety, had an HMP1250 of 60.4. "YR-Aoba", "YR-Kinshu-kyoryoku 152" and "Wakamine", recognized as early-medium maturing varieties, were 66.7, 67.6 and 67.9 respectively. "Uji No. 1", recognized as medium maturing variety, was 75.1. "Asashio", recognized as medium-late maturing variety, was 87.8. Thus, maturity was defined by HMP1250 and maturity of each F 1 hybrid was evaluated by HMP1250. Accordingly, earlier maturity varieties showed smaller HMP1250. On the other hand, the head weight of the 7 parental lines of diallel crosses did not attain 1100 g at the final investigation (Table 1) .
To classify the developmental pattern of head weight, 
1) F 1 hybrids above (group 1) and below (group 2) the dotted line have an HMP1250 smaller and larger than average, respectively. 2) Each number indicates parental line. D + the number indicates mixed reciprocal combinations of diallel crosses, e.g. D12 includes the F 1 hybrids of diallel crosses, 1 × 2 and 2 × 1. In 8 combinations that include F 1 hybrids, 1 × 7, 2 × 5, 2 × 6, 2 × 7, 5 × 1, 6 × 7, 7 × 3 and 7 × 5, whose germination were delayed, only opposite combinations were applied.
3) The number of days it took for the head to attain target weight from transplantation. 4) Each letter in italics after each value indicates the type according to duration of HMP between indicated head weights: A: 0 -5.0 days, B: 5.1-10.0 days, C: more than 10.1 days. 5) Head weights at the final investigation.
we categorized the varieties according to duration of growth period from HMP1100 to HMP1250 and from HMP1250 to HMP1400 into A (0 to 5 days), B (5.1 to 10 days) and C (more than 10.1 days). Accordingly, a type AA variety showed rapid increase in head weight during both periods. Most of the F 1 hybrids that had smaller HMP1250s than the average 74.4 days were of type AA, including "YR-Seishun", "YR-Aoba" and F 1 hybrids of diallel crosses combined with No. 4 parental line. The rest were of types AB or AC, including "YR-Kinshu-kyoryoku 152", "Wakamine" and F 1 hybrids of diallel crosses combined with parents other than No. 4.
Relationships between maturity and developmental characteristics, and among developmental characteristics
To clarify the characteristics of the early maturing varieties, we performed a correlation analysis between HMP and developmental characteristics (Table 2 ). HMP1250 was highly correlated with HMP1100 and HMP1400. The results of correlation analysis with HMP1250 were as follows; both LPH and NWL were positively correlated (r = 0.63, r = 0.76 or 0.78, respectively, P < 0.01). Width of wrapper leaves gradually showed a more negative correlation as leaf position increased and the correlation became significant at the 15th leaf position (r = −0.63, P < 0.01). By contrast, length of wrapper leaves was negatively correlated at the 5th leaf position (r = −0.54, P < 0.01) and gradually became insignificant as leaf position increased. Size of wrapper leaves was negatively correlated at the 5th and 15th leaf positions (r = −0.43, r = −0.47, P < 0.05). The leaf shape index of wrapper leaves gradually showed a more negative correlation as leaf position increased, and the correlation became significant at the 15th leaf position (r = −0.66, P < 0.01). Here, the leaf shape index of wrapper leaves increased from the 5th via 10th to 15th leaf position. The total number of leaves was significantly correlated negatively only on the 42nd day (r = −0.45, P < 0.05). There was no significant cor- relation between HMP1250 and root strength throughout development (only the data on the 32nd day was shown). Different correlations among HMP1100, HMP1250 and HMP1400 with developmental characteristics were observed in the width, length and size of wrapper leaves that increased their negative correlation at the 5th and 10th leaf position as the weight of HMP increased from 1100 g (HMP1100) to 1400 g (HMP1400). Root strength also tended to show a more negative correlation as the weight of HMP increased. Head characteristics such as shape, density and core length at 1250 g were not correlated with HMP1250, but, core breadth was positively correlated (r = 0.39, P < 0.05).
LPH was highly correlated with NWL (r = 0.84 or 0.90, P < 0.01). Both LPH and NWL were negatively correlated with most characteristics of the wrapper leaves, except for the number of detached leaves. As expected, the size of wrapper leaves was highly correlated with both width and length of wrapper leaves at each leaf position (r = 0.83~0.97, P < 0.01). By contrast, leaf shape index of wrapper leaves was consistently correlated only with width at each leaf position (r = 0.64~0.85, P < 0.01). Head density was generally negatively correlated with weight, width, length and size of wrapper leaves.
Classification of F 1 hybrids on the basis of developmental characteristics
Principal component analysis was performed to classify the F 1 hybrids on the basis of those developmental characteristics correlated with HMP (Table 3 ). The 1st principal component (PC1) consists of LPH, NWL and width, length and size of wrapper leaves. PC2 consists of LPH, NWL and the leaf shape index of the 15th wrapper leaf. PC3 is the total number of leaves. PC4 is the number of detached leaves. These PCs accounted for 52.3 %, 13.0 %, 9.1 % and 7.0 % of the total variance, respectively, and the cumulative contribution was 81.4 %.
We investigated the correlation between HMP1250 and each PC score of the F 1 hybrids (Table 4) . HMP1250 was correlated with PC1 and PC2 scores (r = −0.63, r = 0.55, P < 0.01) but not with PC3 and PC4 scores. Therefore, the F 1 hybrids were classified by using PC1 and PC2 scores (Fig. 3) . The smallest and the largest HMP1250 F 1 hybrids, "YRSeishun" and "Asashio", in Table 1 were located the poles apart, indicating that the principal component analysis was successful. The F 1 hybrids were separated at around 0 on the PC1 score into group 1 consisting of types AA, AB and AC whose HMP1250s were smaller than average in Table 1 and group 2 consisting of types BB, BC and CC whose HMP1250s were larger than average in Table 1 except for D27 (shown as Ȇ and ȇ respectively in Fig. 3 ). "YRSeishun," with the lowest PC2 score, was located distant from the others. "YR-Kinshu-kyoryoku 152" and "Wakamine" had the lowest PC1 scores and the lowest PC2 scores after "YR-Seishun".
We also performed correlation analyses between HMP1250 and developmental characteristics in these groups (Table 5) . In group 1, HMP1250 was positively correlated with LPH (r = 0.68, P < 0.05) and NWL (r = 0.760 .79, P < 0.01). Width and leaf shape index of wrapper leaves showed a more negative correlation as leaf position increased, and the correlation became significant at the 15th leaf position (r = −0.59, P < 0.05; r = −0.84, P < 0.01). In group 2, HMP1250 was negatively correlated with total number of leaves on the 32nd and 42nd day (r = −0.52~−0.64, P < 0.050 .01). Width, size and leaf shape index of wrapper leaves were positively correlated at the 5th and 10th leaf position (r = 0.54~0.71, P < 0.05~0.01) and became insignificant at the 15th leaf position.
Discussion
We consider that comparison of head weights from a single measurement is not sufficient for assessing the degree of maturity in cabbage. One of the reasons is that the head weight of "Ujii No. 1" was greater than those of "YRKinshu-kyoryoku 152" and "Wakamine" on the 61st day, but it was lighter on the 69th day (Fig. 2) . In addition, there were several developmental patterns in head weight among varieties, such as the AA or AC patterns (Table 1 ). The headmaturing period (HMP), the number of days it took for the head to attain target weight from transplantation, could be used to estimate maturity without taking into account the pattern of increase of head weight. The HMP1250 of commercial F 1 hybrids corresponded well to the degree of maturity already recognized by grower's experience. Therefore, we considered that the HMP1250 was an accurate measure of maturity.
HMP1250 was correlated highly with LPH, NWL and the width, length, size and leaf shape index of wrapper leaves ( Table 2 ). The positive correlation coefficient of LPH and NWL with HMP1250 indicated that a low LPH was important for early maturity. Iwama et al. (1953) reported that there was no difference in NWL among early, medium and late maturing varieties. This might be because they did not treat maturity as a characteristic of continuous development and analyzed many varieties by separating them into 3 maturity groups, without taking into account variation in the degree of maturity within each group. Thus, we concluded that NWL, like LPH, is important for early maturity. They also said that early maturing varieties started head formation without expending excess growth in wrapper leaves, which was considered to imply that early maturing varieties had a low LPH.
The negative correlation coefficient of the leaf shape index of wrapper leaves with HMP1250 gradually increased as the leaf position increased, becoming significant at the 15th leaf position. Together with the increase in leaf shape index of wrapper leaves as the leaf position increased, not large leaf shape index but change in leaf shape index as leaf position increased was important for early maturity. Considering the reports that head formation habit occurs after changes in leaf shape from narrow oval to broad round (North 1961, Kato and Sooen 1978) , change in leaf shape index may contribute to early maturity via low LPH. We determined that the change in leaf shape index at around the 15th leaf position was important for early maturity.
The negative correlation coefficients between HMP1250 and size of wrapper leaves were generally high at every leaf position examined, indicating that F 1 hybrids with larger wrapper leaves tended to mature earlier. As head leaves develop continuously after wrapper leaves begin developing, it is supposed that larger wrapper leaves would lead to larger head leaves. Ninomiya and Sugeno (1958) reported that the early maturing varietal groups generally belonged to the so-called "leaf-weight" type, whose head weight is influenced mainly not by the number of head leaves but by the weight of head leaves. If the weight of head leaves is determined by their size, the negative correlation between size of wrapper leaves and HMP1250 in this study is consistent with their report.
From these results, we concluded that early maturing F 1 hybrid varieties had the following developmental characteristics; change to large leaf shape index (width/length) from the low leaf position, low leaf position at which their head formation started and large leaf size.
A head weight of 1250 g is the most marketable in Japan. However, lighter or heavier heads can be equally valuable, depending on variations in the way the product is used and consumer's preferences in different parts of the world. As the weight of HMP increased from 1100 g (HMP1100) to 1400 g (HMP1400), width, length and size of wrapper leaves, i.e. leaf size, showed increased negative correlation with the HMP (Table 2 ). These results indicate that the developmental characteristics that must be considered in raising early maturing varieties depend on the target head weight.
In the principal component analysis, we considered that PC1 and PC2 explained leaf size and change in leaf shape, respectively (Table 3) . Both of these components were correlated highly with HMP1250 (Table 4) . Furthermore, the correlation between the size, and leaf shape index of wrapper leaves diminished as leaf position increased (Table 2) . These results suggest that leaf size and change in leaf shape were independent of each other. On the other hand, the fac- 43.41 50th day 7) 53.71
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7) The day after transplanting. 8) Leaf position. 9) Breadth/length. 10) Ratio between head weight and volume, based on the equation for the volume of an ellipsoid: [Weight/(π × breadth 2 × length/6)]. Table 3 . Four vectors of principal components (PC) extracted from the developmental characteristics that were correlated with head-maturing period (HMP) at the 5% probability level in Table 2 Leaf tor loading of LPH in PC1 and PC2 was high (Table 3) . LPH was correlated negatively with the size and leaf shape index of wrapper leaves throughout the developmental stage (Table 2) . We suspected that LPH was influenced by leaf size and change in leaf shape index. After classification by PC1 and PC2 scores, all the F 1 hybrids were divided into groups 1 and 2 (Fig. 3) . In group 1, the F 1 hybrids with the "No. 4" parental line combined had a high PC1 score, indicating that "No. 4" had a superior combining ability for leaf size. "YR-Seishun", the earliest maturing F 1 hybrid in this study, had a high PC1 score and the lowest PC2 score, indicating that this hybrid had all of the developmental characteristics correlated with early maturity in this study. "YR-Kinshu-kyoryoku 152" and "Wakamine" had the second-lowest PC2 scores after "YR-Seishun" and moderate PC1 scores. These varieties were also classified into types AB and AC in Table 1, indicating that their head weights increased quickly until attaining 1250 g and slowly thereafter, thus staying at the marketable weight for a long time before harvest. This characteristic (called field holding ability) and market price are the two important factors for farmers, who must decide when to supply the market. We can hypothesize that these varieties show early maturity with good field holding ability because they possess the developmental characteristics of rapid change in leaf shape index Fig. 3 . Classification of F 1 cabbage hybrids by scores calculated from 1st and 2nd principal components in Table 3 . Each symbol shows the type according to the duration of HMP from 1100 to 1250 g head weight (outer symbol), and from 1250 to 1400 g head weight (inner symbol): : A (0-5.0 days), : B (5.1-10.0 days), : C (more than 10.1 days). Ȇ and ȇ, respectively, indicate groups 1 and 2 shown in Table 1 . **: Significant at the 1% probability level. Table 5 . Correlation between head-maturing period at 1250 g (HMP1250) and developmental characteristics for groups 1 and 2 (in Fig. 3 ) for F 1 hybrid cabbage
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.79** .38 69th day 7) .76** . **: Significant at the 1% probability level. *: Significant at the 5% probability level. 1) Head-maturing period at 1250 g, the number of days it took for the head to attain 1250 g from transplantation. 2) Leaf position at which head formation started.
3) The number of wrapper leaves. 4) Width × length. 5) Width/Length. 6) Determined by pulling out roots vertically by hand and applying a degree of strength of tension from 1 (weak) to 5 (strong). 7) The day after transplanting. 8) Leaf position. 9) Breadth/length. 10) Ratio between head weight and volume, based on the equation for the volume of an ellipsoid: [Weight/(π × breadth 2 × length/6)].
and low LPH, along with adequate suppression of leaf size.
In group 1 consisting of earlier F 1 hybrids, correlation between HMP1250 and developmental characteristics were similar to that in all the F 1 hybrids (Table 5) . On the contrary, in group 2 consisting of later maturity F 1 hybrids, HMP1250 was negatively correlated with total number of leaves and positively correlated with width, size and leaf shape index of wrapper leaves. These results suggest that some other developmental characteristics may contribute to the maturation time.
Even though an F 1 hybrid variety attains the desired head weight at the optimal harvesting time, if the head is deformed, with a long core or low density, its market value declines. HMP1250 was not correlated with the head characteristics of shape, core length and density ( Table 2 ), indicating that early maturity was genetically independent of these characteristics. Thus, it is possible to raise early maturing varieties with any shape ranging from round to flat, with a short core and an adequate density. Iwama et al. (1953) reported that head shape changed from round to flat as time to maturity increased. This was probably because they used many varieties from the Copenhagen Market group, which are early maturing with a round head. Density at 1250 g head weight was negatively correlated with developmental characteristics related to leaf size, such as width, length, or size of wrapper leaves. This implies that leaf size should be carefully controlled to raise early maturing varieties with good head density.
In F 1 hybrid breeding, breeders have managed to select parental lines through experience and/or from the results of test crosses for checking their combining ability for early maturity. This is because early maturity is affected by heterosis and because early maturity of parental lines does not always correspond to that of their F 1 hybrids as shown in Table 1 . If one or more developmental characteristics correlated with early maturity are inherited without the heterosis effect, breeders will be able to select the parental lines that have good combining ability concerning early maturity by using the developmental characteristics as selection markers. This will greatly improve selection efficiency. We are continuing the genetic analysis of these developmental characteristics.
